Plasma radiation characteristics in EAST argon (Ar) gas and neon (Ne) gas seeding experiments are studied. The radiation profiles reconstructed from the fast bolometer measurement data by tomography method are compared with the ones got from the simulation program based on corona model. And the simulation results coincide roughly with the experimental data. For Ar seeding discharges, the substantial enhanced radiations can be generally observed in the edge areas at normalized radius ρ pol ∼0.7-0.9, while the enhanced regions are more outer for Ne seeding discharges. The influence of seeded Ar gas on the core radiation is related to the injected position. In discharges with LSN divertor configuration, the Ar ions can permeate into the core region more easily when being injected from the opposite upper divertor ports. In USN divertor configuration, the W impurity sputtered from the upper divertor target plates are observed to be an important contributor to the increase of the core radiation no matter impurity seeding from any ports. The maximum radiated power fractions f rad (P rad /P heat ) about 60%-70% have been achieved in the recent EAST experimental campaign in 2015-2016. 
Introduction
For the future magnetic confinement fusion device ITER or DEMO, the exhaust of excessive heat power flux deposited on the plasma facing components (PFCs) is a crucial issue to avoid the PFCs damage. Power dissipation by seeding radiative cooling impurities has been investigated in the present tokamak devices for many years [1] [2] [3] [4] [5] [6] , which has been confirmed to be an effective technology. However, some impacts on the plasma energy confinement and the main plasma dilution caused by seeded impurities were also observed [5] [6] [7] [8] [9] . Double impurity radiation control experiments were conducted on ASDEX Upgrade in recent years [6] . Presently many experimental efforts are still focused on achieving high boundary radiation with tolerable impurity pollution. Meanwhile, some simulation works have been done to research on the radiation characteristics of different impurities seeding. In JET, the modeled radiation results by COREDIV demonstrate that tungsten (W) plays an important role on the core radiation, and its effect can be reduced by increasing the seeding impurity atomic numbers [10] . The influences of different seeded impurities on detachment and pedestal by changing the radiation local regions have been investigated using the MIST impurity transport code in Alcator C-Mod [8] .
The Experimental Advanced Superconducting Tokamak (EAST) is a full advanced superconducted tokamak with flexible divertor configurations, i.e., upper single null (USN), lower single null (LSN) and double null (DN). At present, its PFCs have been upgraded to ITER-like tungsten (W) upper divertor, graphite(C) lower divertor and molybdenum (Mo) wall [11] . Long-pulse stable high-performance plasma operation is one of the goals of EAST. So, it is very essential for EAST to conduct impurity seeding experiment for heat flux mitigation. Experiments with argon and neon gas injection have been studied on EAST in the past years [12] [13] [14] . The impurity gas puffing system is equipped with six seeding ports, which are respectively located in the inner target, outer target and dome area of the upper and lower divertors, as marked with GP1 to GP6 in figure 1. The response time of piezo valve of the impurity gas puffing system is less than 2 ms [15] .
In this paper, the evolutions of the radiation profiles for the EAST impurity seeding experiments are mainly studied. In section 2, the fast bolometer diagnostic for total radiated power measurement is introduced briefly. In section 3, the experimental results are performed and compared with the simulation results. In addition, the influences of different impurity species and different seeding ports on the radiation profiles are also analyzed. Finally, a summary is presented in section 4.
The radiated power measurement on EAST
The fast bolometer diagnostic based on absolute extreme ultraviolet (AXUV) photodiodes has been developed on EAST to measure the temporal and spatial evolution of the plasma radiated power [16] . It contains five pinhole cameras with 94 channels in total. The lines of sight (LOS) of AXUV diagnostic are shown in figure 1. Four 16-channel arrays are installed in the horizontal diagnostic port, which nearly cover the whole poloidal cross-section of the plasma. One vertical array views the plasma cross-section from the upper diagnostic port. The spatial resolution of AXUV diagnostic is about 3-5 cm. The AXUV photodiode has a high quantum efficiency across a wide spectral range with a fast response time about 0.5 μs. On EAST, the AXUV photodiodes are recalibrated with metal foil bolometers in order to provide the measurement of the absolute radiated power and a typical calibration factor is considered to correct their reduced quantum efficiency below 100 eV. Thus, the AXUV photodiodes are suitable to be used for studying the impurity radiation combined with other spectrometer diagnostics [16, 17] . There are several spectrum diagnostic systems on EAST, including visible spectrometer and extreme ultraviolet (EUV) spectrometer [18] [19] [20] . The flat-field EUV spectrometer with wide wavelength range 20-500 Å is installed in midplane to monitor the impurity's line emissions from light elements (e.g., C, O), medium elements (e.g., Ar, Fe), to heavy elements (e.g., Mo, W) in the core of plasma. Another Divertor W spectrometer is also installed to view the upperinner and upper-outer targets region from horizontal port with a poloidal resolution about 13 mm. It can provide a profile measurement of impurity radiation (W, C, Ar and so on) in upper divertor region [19] . The LOS of these spectrometers are shown in figure 1 as well.
The radiation profile can be obtained from the line-integrated measuring radiated power of each AXUV detector by tomography. Many algorithms have been developed and applied to plasma tomographic problem, such as the Cormark method, maximum entropy method and so on [21, 22] . Choosing suitable algorithms is very important for a reliable reconstruction because of the limited numbers of the LOS of diagnostic. For EAST bulk plasma region inside the last closed flux surface, the one-dimensional radiation distribution is reconstructed by the analytic method based on FourierBessel series expansion along radial direction. In this 1D tomography, only parts of the AXUV horizontal viewing channels are used and the radiation distribution along poloidal direction is supposed to be uniform when in the same flux surface. Unfortunately, the radiations in divertor regions still cannot be reconstructed according to the present AXUV coverage as shown in figure 1, because they are very local near the X points and sometimes inner-outer asymmetry in divertor regions [6, 23] . Therefore, only the radiation profiles in the bulk plasma rather than the divertor region are provided in this article for the impurity seeding discharges.
Theoretically, the radiated power loss of impurities can be calculated using a collisional-radiative model if the electron density, the electron temperature and the impurity concentration are known. A time-independent simulation program without particle transport is developed to predict the EAST bulk plasma radiated power profile based on the coronal equilibrium approximation. Here, the corona model is suitable for simulating the bulk plasma radiation in L mode discharges since the impurity residence time is much longer than ionization and recombination times [4] . The typical impurity elements of H, He, Be, C, O, Ar, Fe are included in it. The radiation profile of each impurity at any moment can be obtained in this simulation by inputting the plasma parameters at the corresponding moment: the plasma electron temperature, the electron density, and the impurity concentration, which are provided by diagnostic measurements or set to the typical values according to the EAST operation database in some cases. As a consequence, the total radiated power is produced by summing all the radiations.
The radiation behaviors in impurity seeding experiments
On EAST, the radiative cooling experiments are carried out mainly by Ar or Ne gas puffing. Generally, the seeded gas is mixed with deuterium (D 2 ) gas instead of pure gas to avoid plasma disruption. The experimental results are presented in this section and part of them is compared with the simulation result. Figure 2 shows time evolutions of the plasma parameters for a typical LSN L-mode discharge #56467 with Ar mixed gas (Ar:D 2 =1:4) puffing. The basic experimental parameters are as follows: the plasma current I p =500 kA, the injection power of low hybrid waves P heat ∼1.5 MW, and the lineaveraged electron density n e ∼2.7×10
Ar gas puffing experiments
19 m −3 before Ar puffing. The impurity gas is injected into the plasma at 6 s from the lower inner divertor gas port and lasts for about 300 ms. The total number of injected particles is approximately 2.4×10 19 . From figure 2, we can find that the puffing gas has a small influence on the plasma stored energy (W MHD ). The total radiated power (P radtot ) in the bulk plasma region and the line-averaged electron density n e begin to increase at 6.15 s. Here, the typical delay time of 150 ms is mainly caused by the long gas pipe. As shown in figure 3 , time evolutions of the impurity radiation intensities measured by EUV spectrometer, presents that there are sharp increases of Ar line radiation intensities after 6.15 s. Both the total radiated power and the Ar line radiation intensities reach their peak values at 6.32 s. During this period, the measured line radiation of Fe is almost constant and other impurities line radiations of C and Li have slight decreases. So, the Ar line radiations might be the dominant contributors to the increase of total radiated power.
As mentioned in section 2, the total radiation profiles can be reconstructed from AXUV measurement data and also can be predicted by the simplified simulation program. Figure 4 (a) shows the measured radiation profiles compared with the simulation results of this shot. The time slice at 5.152 s before Ar gas puffing and at 6.32 s after Ar gas puffing are chosen for simulation. Before Ar gas puffing, the concentrations of common intrinsic impurities C, O, and Fe are set separately as 3%, 0.5%, and 0.006% in the simulation. The corresponding plasma electron temperature profile and plasma electron density profile are shown separately in figures 4(c) and (d). Due to slight changes of the common intrinsic impurities C and Fe after Ar gas puffing (see figure 3) , the simulated radiation profile after Ar gas puffing is reproduced just by adding the Ar concentration until to 0.17%. In this simulation, the inputting electron temperature profile and density profile at 6.32 s are also shown in figures 4(c) and (d). It is found from figure 4(a) that the simulated radiation profiles coincide roughly with the experimental data before and after Ar seeding. And the simulation result displays that the predominant radiation region at ρ pol ∼0.7-0.9 is mainly contributed by Ar ions line radiations. Figure 4(b) presents the radiation cooling rates L z of the impurities C, O, Ne, Ar and W [24] . It is known from figure 4(c) that the electron temperature at the region ρ pol ∼0.8 is about 300 eV where the Ar element just has a peak radiation cooling rate L z . So in theory, the radiation profile can be controlled with impurity seeding by changing the electron temperature profile. The realization of radiation layer control in experiment is essential for EAST long-pulse stable high-performance plasma operation in the future in order to maintain a good plasma confinement which is compatible with a high radiation level. For another LSN L-mode discharge #56649, the Ar gas is injected from the upper outer divertor at 5.0 s and also lasts for about 300 ms. It has the similar plasma parameters and the number of injected Ar atoms as the discharge #56467. The comparisons between these two discharges in figure 5(a) demonstrate that the radiation profiles before Ar injection are similar while the radiation inside ρ pol ∼0.6 after Ar gas puffing for discharge #56649 is higher than the other one. Figure 5(b) shows the time evolutions of impurity line radiations in the core of plasma measured by EUV spectrometer and figure 5(c) shows the contour plot of the impurity line radiations in upper divertor region measured by divertor W spectrometer. Compared the Ar line radiations in figures 5(b) and 3, it is clear that the line emission intensities of Ar ions are higher in discharge #56649 than that in discharge #56467 though they have the similar plasma parameters (T e , n e ). The higher radiated power in discharges #56649 after puffing is possibly contributed by Ar line radiations, which indicates that more Ar ions permeate into the core of plasma in discharge #56649 with Ar injection from upper divertor than that with Ar injection from lower divertor in discharge #56467. From figures 5(b) and (c), it is also observed that the Ar line radiations in the core of plasma go through two increasing phases after Ar injection. In phase I, the WI line radiation, CII line radiation and the total radiation in upper divertor region increase, while in phase II, the radiations in both divertor regions decrease but a further radiation increase in the core region. The changes in the trend of radiations indicate that the injected Ar enhances first the sputtering yields of the W or C ions from divertor targets [4] and makes the radiation in divertor region increase. Then, the increasing total radiation mitigates the heat flux effectively and cools down the temperature around divertor targets, which conversely influences the impurity sputtering yields of divertor materials and leads to a radiation decline. During the whole process in discharge #56649, the temperature in the core region undesirably reduces about 600 eV due to the radiation cooling, despite a well mitigation in the heat flux around the divertor targets. Thus, the decreases of impurity line radiations in the core region, such as C and Fe (see figure 5(b) ), are most possibly caused by the reduction in the core temperature.
Ne gas puffing experiments
In general experiments, the mixed Ne gas (Ne:D 2 =1:4) is injected into plasma from divertor gas puffing system, but in some cases, the pure Ne seeding experiments are also tried by supersonic molecular beam injection (SMBI) from low-fieldside (LFS) mid-plane. Figure 6 shows the contour plot of radiated power brightness and time evolutions of impurity intensities for Ne seeding discharge #67971 in USN configuration. In this discharge, the mixed gas is injected into the plasma from the upper inner target at 4.0 s for the first time and into the plasma from the upper outer target at 7.0 s for the second time. The two injected pulses both sustain for 50 ms with similar total injected particle numbers, about 1.0×10 19 and 1.3×10 19 respectively. The radiated powers increase in both the divertor region and the core region after gas injection. Meanwhile, the Ne line radiations and W line radiation measured by core EUV spectrometer are also observed to increase after injection. However, the increased levels of Ne line radiations and W line radiation after the second injection from upper outer divertor port are higher than that from the upper inner divertor port after the first injection. It seems that the C line radiation is influenced weakly whether gas puffing from inner divertor port or from outer divertor port. Figure 7 shows the radiation profiles at 6.8 s before Ne seeding and at 7.15 s after Ne seeding for shot #67971. Compared to the Ar injection discharges ( figure 4(a) ), the main radiation region with Ne injection is more outer, which is obviously localized at ρ pol ∼0.8-1.0 after seeding. Different with LSN discharges, the enhanced W impurity beside seeding impurity is also an important contributor to the increase of bulk plasma radiation in USN discharges. To further understand the radiation characteristics of Ne seeding, more works have been done to compare the changes of radiation profiles caused by Ne injecting from upper divertor with that from lower divertor. In almost all the USN discharges, we just observe the increase of W impurity radiation in bulk plasma region, but in some cases the W accumulation in the core of plasma caused by Ne seeding will be appeared. Some modeling works on JET also expound that the W accumulation and radiation cooling in the core plasma remain a serious problem for low and medium Z impurities seeding experiments [10] .
The statistical analysis of total radiated power
In figure 8 , it simply gives the radiated power fractions f rad (P rad /P heat ) in different impurity seeding scenarios on EAST experimental campaigns from 2015 to 2016. Here, the P rad is the total radiated power in the bulk plasma before or after impurity seeding and the P heat is the total input heating power. The X axis is the line-averaged electron density n e in the range of 1 . In figure 8(a) , the f rad before Ar seeding are generally below 0.2 and the maximum f rad nearly 0.6 are achieved after Ar seeding. While for mixed Ne+D 2 gas seeding in figure 8(b) , the achieved maximum f rad are lower than that for Ar seeding. More remarkable, the maximum achievable f rad is about 70% for pure Ne seeding by SMBI from LFS mid-plane, which is shown in figure 8(c) . Overall, the f rad has not shown a strong dependency relationship with the density based on the present data. In L-mode Ar seeding discharges, the value of f rad to cause disruption is generally over 60%. In addition, a few H-mode data are also included in the statistical figures. We also observe that the plasma confinement can transit from H-mode back to L-mode when the f rad increases to 30% for Ar seeding experiment, whereas for Ne case, the f rad can reach until 50% to affect this transition.
Summary and discussion
The radiation characteristics in Ar and Ne seeding experiments have been respectively studied on the EAST tokamak. High radiation fractions, which are limited by plasma radiative collapse, about 60% with Ar+D 2 injection and 70% with pure Ne injection are obtained. The radiation profiles in Ar injection case are simulated using corona model, and they coincide roughly with the reconstructed profiles from AXUV. The result demonstrates that the enhanced radiation belt at the edge ρ pol ∼0.7-0.9 is mainly caused by Ar ions for Ar seeding case, while the radiation layer is mainly at ρ pol ∼0.8-1.0 for Ne cases. Moreover, the Ar ions play an important role in the core radiation, and the effects are related to the gas puffing ports. Though the injected impurities can significantly enhance the sputtering yield of divertor materials, C and W, the accumulation of W ions in the core region is not observed. And the C line radiation in the core is influenced weakly in LSN discharges. On the contrary, the increase of W impurity radiation in the core region clearly exists in USN discharges with Ne seeding.
In the present EAST impurity seeding experiments, most discharge conditions are still in L-mode with low heating power (<3 MW). But in the coming years, the EAST lower divertor will be upgraded to W material. So, in the future high-power H-mode discharges, the PFC materials sputtering, the high-Z impurity accumulation in the core and their effects on the plasma confinement will become key issues to be concerned in impurity seeding experiments. Some simulation results by others indicate that the W sputtering yields not only depend on the electron temperature near the divertor target, but also on the particles injection angle [25, 26] . Thereby, the further exploration experiments with Ar and Ne injection still need to find the optimal methods to achieve a higher radiated power dissipation with lower impurity accumulation in the core region.
